Abstract-The feedforward compensation of nonlinearities, i.e., hysteresis and creep, and unwanted vibrations in micromanipulators is presented in this paper. The aim is to improve the general performances of piezocantilevers dedicated to micromanipulation/microassembly tasks. While hysteresis is attenuated using the Prandtl-Ishlinskii inverse model, a new method is proposed to decrease the creep phenomenon. As no model inversion is used, the proposed method is simple and easy to implement. Finally, we employ an input shaping technique to reduce the vibration of the piezocantilevers. The experimental results show the efficiency of the feedforward techniques and their convenience to the micromanipulation/microassembly requirements.
bearings, microgears, micromotors), micro-optical systems (switches, lasers) or hybrid microoptoelectromechanical systems (MOEMS) like microscanners, microspectrometers, or microcoils [1] [2] [3] [4] [5] . To produce them, monolithic microfabrication can be used but new perspectives are opened with micromanipulation/microassembly techniques, such as hybrid microassembly [6] , [7] .
One of the main characteristics of micromanipulation/microassembly systems is the high accuracy that they must have to perform tasks. According to the sizes of the manipulated microparts, the required accuracy may be submicrometric. For instance, fixing a micro lens at the tip of an optical fiber with 1 of relative positioning error or 0.4 of orientation error may cause a loss of 50% of the light flux [8] . In order to reach the required accuracy, microrobots, micromanipulators and gripping tools are designed differently from classical robots and manipulators. Depending on the nature of the micromanipulation/microassembly tasks, and notably on the shape of the manipulated microparts, several gripping tools can be used: microgrippers, needles, vacuum grippers, ice grippers, etc. For flexibility and accuracy reasons, microgrippers are very efficient [7] . Most of positioning and gripping systems are often based on active materials in order to avoid mechanical clearances and then to increase the accuracy. Among active materials, piezoelelectric ones are widespread and their use continues to grow due to their fast response time, high resolution and sensor capabilities. Piezoelectric materials are notably appreciated and very common in piezotube scanners for AFM microscopes, in piezocantilevers and microgrippers for micromanipulation/microassembly and in actuators for step-by-step microrobots. In the case of micromanipulation/microassembly, piezocantilevers and piezoelectric microgrippers (composed of two piezocantilevers) especially offer the possibility to estimate and to control the force at the same time as the positioning control [9] , [10] .
Unfortunately, like other active materials, performances of piezocantilevers (and piezoelectric materials in general) are strongly affected by nonlinearities. These nonlinearities, which are the hysteresis and the creep, appear in the voltage-strain transfer [11] . While piezoelectric materials present nonlinearities with large electric fields, bending structures (cantilevers) suffer from poorly damped vibrations.
Hysteresis and the creep indeniably influence on the positioning repeatability and the accuracy of the micromanipulation/microassembly systems. It also decreases the accuracy of the force estimation if such a technique is used in the systems. In addition, the vibration critically influences overshoot of micromanipulation forces and may cause damages of manipulated Fig. 1 . Picture of a microassembly system composed of a piezogripper for manipulation, a table for feeding micro-objects and a camera-microscope measurement system. fragile microparts (biological parts, optical parts, etc.) or conversely a rigid micropart may cause the damage of a micromanipulator. Finally, controlling the force may make a release task successful in the presence of adhesion forces.
Closed-loop control techniques seem to be the best way to reach overall substantial performances (accuracy, repeatability, disturbances and vibration rejection, etc.). They also enable a robust control that takes into account the uncertainties or variations of models parameters [12] , [13] . However, the use of closed loop control techniques in micromanipulation/microassembly is strongly limited by the difficulty to integrate sensors: sensors which are precise and fast enough are bulky (interferometers, triangulation optical sensors, camera-microscopes measurement systems, etc.) or difficult to fabricate [14] . As example, Fig. 1 depicts a microassembly system composed of a table for feeding the micro-objects, a microgripper to manipulate them and a camera-microscope measurement system for visual servoing or for human operator feedback. Additional light sources are often required to condition the visual measurement system best. This picture clearly shows how convenient measurement systems for micromanipulation/microassembly require a lot of space. Hence, an open-loop control technique is an alternative way to overcome this problem. Several studies demonstrated that open loop control techniques can be an attractive approach in micro/nano-applications: the overall performances have procured satisfactions [15] , [16] .
In open loop control techniques, the hysteresis can be compensated by the use of feedforward inverse model. Several direct and inverse models have been used. Among them: the Preisach [17] , the Prandtl-Ishlinskii (PI) [18] , [19] and the Bouc-Wen models [9] . The PI is interesting for simplicity of its implementation, ease of obtaining its inverse analytical formulation and its accuracy.
Concerning the creep, different models have been used. In [19] , [20] , a logarithmic function is used. To compensate the creep, an opposite logarithmic model is established for the applied voltage so that the final piezoelectric strain will remain constant. Another approach is to model the creep by a linear dynamic operator [21] . In these two works, the linear dynamic operator is composed of many elementary first order operators. From an automatic point-of-view, the use of a linear dynamic model is very interesting because of ease of identification and control. To eliminate the creep, an inversion of the creep model is computed and used as a feedforward controller. However, this approach requires that the creep model is a bi-causal system, i.e., the direct model and its inverse should be causal.
Finally, to eliminate unwanted vibrations in piezoelectric materials, [21] , [22] use once again linear dynamic models and their inversion. The interest is the ease of modeling and identification of the vibrations but the approach always requires bi-causal models and their invertibility. Furthermore, while the input shaping techniques have shown their efficiency with thermal microsystems [14] , it may be of great interest for oscillating piezocantilevers.
Improving performances of piezoelectric materials, notably piezotube scanners, by eliminating the hysteresis and/or creep has been proved ( [16] gives a survey). Works which accounts the vibrations in addition with these nonlinearities are yet uncommon [21] , [22] . It is due to the fact that vibrations only appear with some geometrical structures and with a limited bandwidth of the acquisition system.
The core of this paper is the improvement of the performances of hysteretic, creeped and oscillating piezocantilevers dedicated to micromanipulation/microassembly tasks. The hysteresis is removed using the PI inverse model because of its good accuracy and ease of implementation. For the creep, we always use a dynamic linear model but instead of inverting it, we propose a new method that does not require the bi-causality condition of the model. Concerning the vibrations, we propose the use of the Zero Vibration (ZV) input shaping technique. The experiments will show that the input shaping technique removes the unwanted vibrations without using the inversion model as well. It is important to note that while the thermal drift may be important in AFM applications [23] , this is negligible in the application presented in this paper when the temperature variation is low [24] .
First, an insight of the different compensation steps is presented. Then, the hysteresis compensation is detailed. After that, the analysis of the creep is presented and a new compensation approach is proposed. Finally, the method used to eliminate the vibrations ends this paper. Fig. 2 presents a piezocantilever subjected to an electric excitation. refers to the applied voltage and represents the resulting deflection. • Computer-dSPACE material for the controllers. The Matlab-Simulink software is used for their implementation.
II. PRINCIPLE OF CONTROL
• A voltage amplifier.
• The previously described unimorph piezocantilever.
• A laser sensor in order to identify the piezocantilever and to validate the resulting performances. The sensor has a 0.1 of resolution and a high passband which enable the capture of the piezocantilever performances. When a step input voltage is applied, the deflection reaches a final value after a transient part which is oscillating. If the constant input is still kept, a slow drift appears. This is the creep [ Fig. 4(a) ]. The settling time of the transient part is generally lower than 50 ms and that of the creep is several minutes. The amplitude of the creep depends on the amplitude of the step input voltage. The hysteresis can be seen when plotting the deflection versus an applied sine input voltage [ Fig. 4(b) ]. The hysteresis in a piezocantilever is dynamic (rate-dependent) but it has been shown in previous works that this is equivalent to a static hysteresis (rate-independent) followed by a linear dynamic part [13] . Thus, the hysteresis only affects the static gain, i.e., the final value (before creep) of the step response. In feedforward control techniques, precise models are needed. When there are several objectives, for example the cancellation of the hysteresis, creep and vibrations at the same time, the model of each behavior is needed. Sometimes, one model is sufficient to account for two behaviors [20] . In this paper, each behavior is independently modeled for more precision. The modeling, identification and compensation are performed step by step. These are as follows.
• First, the hysteresis is analyzed and compensated. The PI model is used.
• Second, the creep of the new system, i.e., of the piezocantilever with hysteresis compensation, is identified and compensated. A new and simple compensation method which does not require an inversion model is proposed.
• Finally, the oscillation of the creep and hysteresis compensated system is modeled and attenuated using the ZV input shaping technique.
III. HYSTERESIS COMPENSATION
The PI static hysteresis model is used in this section. In fact, since it is based on the superposition of many elementary operators like the Preisach hysteresis model, it can provide a very high accuracy. In addition, the ease of implementation of the PI model causes it to be used for various systems.
A. The Prandtl-Ishlinskii (PI) Static Hysteresis Model
Each element that composes a PI model is a backlash characterized by a threshold and a weighting coefficient [ Fig. 5(a) ] [25] . The weighting coefficient is a gain that determines the slope of the backlash straights.
The identification of a hysteresis curve should be done with the maximal value of the input voltage that will be used. This especially depends on the range of applications. After that, the corresponding hysteresis curve should be shifted so that it is in the positive section of the input-output plane. Fig. 5 (b) shows an example of a hysteresis curve approximated by three elementary backlashes [26] . In Fig. 5 , is the bandwidth and is the amplitude of the sine input signal before shifting. From the figure, the output can be formulated as follows:
(1) From the previous equation, a tensorial formulation can be obtained (2) where is a triangular matrix constructed from the different bandwidth values.
To model and identify a hysteresis by the PI model, the steps are as follows.
• Apply at least half a period of sine voltage to the piezocantilever. The amplitude of the corresponding output should cover the end use range.
• If the obtained hysteresis curve is not in the positive section of the -plane, shift the curve.
• Define the number of the elementary backlashes.
• Split the input domain into uniform or nonuniform partitions. For example, Fig. 5(b) depicts four partitions and presents an approximation of hysteresis with three backlashes. The bandwidth and the output vector are easily obtained according to the Fig. 5(b) .
• Construct the matrix from the bandwidth using the (1) and (2).
• Finally, compute the parameter using the following formula:
(3) Fig. 6 . Diagrams showing the compensation of a hysteresis: (a) the direct hysteresis can be compensated by another hysteresis put in cascade with it and (b) the direct hysteresis and its compensator should be symmetric relative to a linear curve [18] .
B. The PI Inverse Model
To compensate a hysteresis that has been modeled with a PI model, another PI hysteresis model is put in cascade with it [ Fig. 6(a) ]. In Fig. 6(a) , represents the reference during the hysteresis compensation. The compensation principle is given in Fig. 6(b) : to obtain a linear input-output with a unit gain, the real system curve , and the compensator curve should be symmetric [18] . Like the PI direct model, each elementary operator of the PI inverse model is characterized by a bandwidth , a threshold , and a weighting gain . From the principle of Fig. 6(b) , they are computed as follows [18] : (4) and (5) C. Experiments Following the identification steps described below, a sine voltage with 40 V of amplitude is applied to the piezocantilever. It corresponds to a deflection of 20 . The frequency is chosen so that neither the dynamic part nor the creep of the piezocantilever influences the curve. In our case, the cutting frequency of the dynamic part is nearly 3000 rad/s, while the one of the creep is less than 0.05 rad/s for unimorph piezocantilevers. If the identification frequency is higher than , the phase of the dynamic part will distort and revolve the hysteresis curve. If it is lower than , additional deflection due to the creep will also distort the hysteresis curve.
In this experiment, we use a frequency of 0.628 rad/s (0.1 Hz). Fig. 7 shows the experimental result and the simulation of the identified PI model when two input voltage amplitudes are used (with respect to and ). The computed PI inverse model has been implemented. Fig. 8 gives the experimental results and points out that the hysteresis has been reduced into instead of nearly 20% without compensation.
IV. CREEP COMPENSATION
In this section, we analyze and control the creep of the linearized system, i.e., system with the hysteresis compensator. The new input is and the output is still . To open loop control the creep, it is necessary to identify and model it. For that, a step input with is applied. Despite the final value which is equal to the input reference, a creep greater than appears along 600 s of the period Fig. 9 . An experimental result displaying the measured deflection when a step input reference is applied. The result was obtained with the piezocantilever with hysteresis compensation.
( Fig. 9 ). To attenuate this creep, an approach that does not need model inversion is proposed in this section.
A. Compensation Principle
Regarding Fig. 9 , the deflection can be defined as the sum of two signals: the constant value and the additional drift . Let be the linear static gain and be the creep model. Without considering the transient part, we have [ Fig. 10(a) ] (6) The static gain may differ from 1 according to the linearization accuracy during the previous section. To compensate the creep , we propose the principle shown in Fig. 10(b) . In the proposed method, the real parameter is used to compensate the static gain if the latter differs from 1.
From Fig. 10(b) , the equation of the creep compensator is easily derived (7) where is the new reference input.
We remark that there is no bi-causality condition imposed on the model . Indeed, if and are, respectively, the numerator and the denominator of , we have
As (causality of natural systems), where is the degree of a polynomial, the compensator is always causal.
Using (6) and (7), we derive the transfer function of the new compensated system: (9) 
B. Experiments
To identify , the creep part is separated from the step response curve, i.e., the drift part of the curve in Fig. 9 is separated and identified. Then, we have the curve pictured in Fig. 11 . The identification of is performed as follows: 1) an order model is chosen; 2) an ARMAX (Auto Regressive Moving Average with eXternal inputs) model and the Matlab software are used to determine the parameters [27] ; 3) the curve corresponding to the simulation and the experimental result are compared; and 4) if they do not fit well, the order model needs to be increased and the identification process started again. The sampling time is 50 ms. For the experimented piezocantilever, a third model order is a good compromise between low-order (i.e., low complexity) and good adequacy of the simulation/experimental curves (Fig. 11 ). The identified model is (10) The creep compensator is implemented and added to the previously implemented hysteresis compensator. The parameter has intentionally been left equal to 1 because the linear gain according to Fig. 9 . The result with a step input is presented in Fig. 12 . The zoom [ Fig. 12(b) ] shows that the creep is reduced into less than 2.5%. However, there is a high overshoot in the transient part of the step response. This behavior will be analyzed and compensated in the next section. Fig. 13 pictures the experimental step response when the amplitude of the input reference step is 10 . It clearly shows that the performance still remains when the amplitude of the input is changed.
V. DYNAMIC COMPENSATION
Once again, a new system is obtained. It contains the piezocantilever, the hysteresis and the creep compensators. These are considered as low frequency characteristics because the hysteresis acts in the static gain while the creep has a high settling time. In this section, we are interested by the fast dynamic characteristics. It concerns the transient part of the new system. Indeed, in Fig. 9 , before the output reaches the final value , it overshoots 62.5%. Such displacement overshoot causes high manipulation forces overshoot during micromanipulation/microassembly tasks and may be fatal for the manipulated microparts as well for the micromanipulators. In addition, the transient part is badly damped oscillating. In this section, the vibration and the overshoot are compensated. For that, the ZV input shaping technique is used.
A. The ZV Input Shaping Technique
There are different kinds of input shaping methods but the one presented here is the ZV one. A panorama of other existing methods is given in [28] . The ZV input shaping method [29] is a simple technique to minimize the vibration in lightly damped systems. It is based on the convolution of a sequence of impulses called shaper and an input signal.
When an impulse is applied to an oscillating system, a vibration appears. Let be the natural frequency and the damping ratio. When a second impulse is applied at time , with , the vibration caused by the second impulse can cancel the one caused by the first impulse [ Fig. 14(a) ] if the amplitudes of both are judiciously chosen. Hence, to apply any reference input , the previous sequence of impulses, also called shaper, is convolved with . Fig. 14(b) shows the block-diagram of the shaper convolved with the input reference. As a result, for a step reference input, the control signal is a staircase with two steps.
If the identified parameters or are quite different from the real parameters, a residual vibration will remain after compensation. Indeed, the vibration caused by the first impulse will not be cancelled by that of the second one because the phase between both and the amplitudes are not convenient. Therefore, if the overshoots of the two vibrations are very high, the resulting interfered signal may also have a high overshoot. To avoid such a problem, references [30] , [31] propose robust Input Shaping techniques. These techniques can also be applied when the parameters vary according to the environmental disturbances. An alternative to robust Input Shaping techniques is to use more than two impulses in the shaper of the classic ZV technique. Step response of the badly damped system (piezocantilever + hysteresis compensator + creep compensator): the experimental result (measured deflection) and the simulation result of the identified model.
In this case, each impulse amplitude and the corresponding vibration are small. So, the resulting interfered signal will have a lower overshoot if any [32] .
The computation of the shaper is described below. Let be the static gain of the badly damped oscillating system. Its model is (11) Consider and the amplitudes of the impulses and their application times (delays). Each vibration caused by each impulse has the following time-domain equation: (12) To obtain an output without any vibration, the following equation is used: (13) where is the number of impulses in the shaper.
In the ZV input shaping technique, the two following conditions must also be completed: (14) Consider . The solutions are . . .
where is the number of impulses in the shaper, indicates the monomial of the polynomial from . We have and .
B. Experiments
The natural frequency and the damping ratio were identified. A step response was used for that. The experimental result of Fig. 15 clearly shows an oscillation characterized by of overshoot and a settling time more than 65 ms. Using the ARMAX method and Matlab Step response of the system with vibration compensation, i.e., piezocantilever + hysteresis compensator + creep compensator + vibration compensator (shaper). The different curves are obtained with a two-impulse shaper and a three-impulse shaper. The curve obtained without shaper (i.e., without vibration compensator, as in Fig. 15 ) has been added in order to compare with those with shaper. software, the model of (11) was identified and plotted with the experimental result (16) with and . The shaper has been computed and implemented in cascade with the two previous compensators (hysteresis and creep compensators). Fig. 16 presents the block-diagram. In order to compare the results, a shaper with two impulses and a shaper with three impulses were computed and tested. The resulting piezocantilever's deflections were compared to the one when there is no shaper, i.e., no vibration compensator. The aim is to clearly show the contribution of this vibration compensator. First, we have performed experiments with a step reference input having of amplitude. The step responses indicate that the performances do not increase substantially when the impulse number is greater than three. Fig. 17 shows the experimental results of the compensated (shaper with 2 and 3 impulses) and of the noncompensated system. Table I summarizes the performances. They point out that the initial overshoot of 62.5% becomes negligible with a two-impulse shaper and disappears with a three-impulse shaper. In addition, a high reduction of the settling time is obtained.
Next, a harmonic experiment is performed in order to evaluate the performances more accurately. The results are given in Fig. 18 . They show that the resonance peak of the uncompensated vibration is more than 20 dB. It is reduced into less than 2 dB when using a two-impulse shaper and becomes completely removed with a three-impulse shaper. While the harmonic experiments confirm the step response experiment in general, the former gives an accurate comparison between the performances furnished by the two kinds of shapers.
Finally, Fig. 19(a) depicts the linearity of the input-output obtained with a sine input reference plane, while Fig. 19(b) pictures the absence of drift when a step input reference is applied. These results clearly show that the three compensators are compatible. Indeed, individual performances provided by each compensator are maintained when combining them. Such a case is respected if the identification of the behavior and computation of the controllers are respected.
• The hysteresis is identified at a frequency that is neither too low or too high. The creep phenomenon and the dynamic part do not influence the hysteresis curve in this case.
• The creep is identified in the static mode. A step response would provide better accuracy. • The dynamic part is identified by using the transient part of the step response. A harmonic analysis can also be used if the system has been linearized.
VI. CONCLUSION
This paper presents the compensation of the hysteresis, creep and vibration in piezocantilevers used for precise micromanipulation/microassembly. The necessity to use open-loop control, and then without sensors, raises the fact that available convenient sensors are bulky. So the aim of this paper presents the feedforward compensation of these three phenomena by identifying and compensating them step-by-step and successively. This paper especially applies the presented open-loop control techniques to piezocantilevers that are used for micromanipulation and microassembly.
The hysteresis nonlinearity was first reduced. Because of its accuracy and ease of implementation, the PI inverse model was used. It has permitted the reduction of the hysteresis from 20% to less than 2.5%. After reducing the hysteresis, the creep is compensated. The creep compensator is implemented in cascade with the piezocantilever and the previous hysteresis compensator. A new method was proposed to compensate the creep. Its major advantage is that no inverting model is required. Hence, it does not require any condition on the bi-causality of the creep model. The experimental results show the reduction of the creep from 40% into less than 2.5%. Finally, the vibration of the badly damped system, i.e., the hysteresis and creep compensated system, is analyzed and controlled. The chosen compensation method is the ZV input shaping. While the overshoot initially 62.5% is completely removed, the settling time is reduced by more than three times.
The works reported in this paper have confirmed that feedforward controllers can give general performances such as accuracy, zero-overshoot and speed required for a particular set of applications in the domain of micromanipulation/microassembly. Such controllers are of great interest because the costs, sizes, and performances of existing sensors limit their use in this domain. The results presented in this paper are not only well adapted for positioning in micromanipulation/microassembly tasks but also for force estimation in them. Indeed, future work will be focused on the estimation of the manipulation force applied by a piezocantilever taking into account the linearization and vibration compensation described in this paper. Finally, robustness of the open-loop controllers relative to parameter variations, due to the environment for instance, will also be analyzed in our future works.
